Abstract: Graphene is a gapless material with a linear energy-momentum dispersion relationship. Because of its unique band structure, graphene has been demonstrated as an ultra-broadband photon absorption material from the visible to terahertz frequency ranges. Here, we study the reverse process: photon emission from graphene. Using silica microsphere structures and femtosecond laser pulse excitation, photon emission enhancement at visible, near infrared, and terahertz ranges were achieved. These results help to promote graphene as a new type of light generation material, which can overcome the restriction that the emission wavelength is determined by the material bandgap. It is also found that the graphene's electrical properties, such as the nonlinear conductivity, changed significantly with the enhancement of the absorption during the ultrafast process.
Introduction
Light generation from conventional semiconductor materials depends heavily on its associated band structure [1] . Indirect bandgap materials, such as silicon, have low emission efficiency [2] - [5] . This is a result of the photons having a negligibly small momentum compared to that of electrons, so that the momentum conservation cannot be satisfied with electron-hole pair recombination from the minimum of the conduction band and maximum of the valence band for indirect bandgap materials. Only a limited set of semiconductor materials that have direct gaps in e-k space can be used for practical light generation applications [1] . For these materials, the desired emission wavelength is determined by the bandgap of the material, and the materials only emit at a certain wavelength range. While quantum cascade laser could engineer gap energy of intersub-band for light emission, they need complicated fabrication processes. Thus, in most cases, different materials were chosen for different desired emission wavelengths. Graphene is a gapless material with a linear and symmetrical energy-momentum dispersion relationship [6] . Based on this unique band structure, broadband optical absorption from the visible to terahertz ranges has been demonstrated in graphene [7] - [13] . The reverse process, photon emission from graphene, exhibits extremely low emission efficiency [14] - [18] . This is because that in graphene, the optical radiative recombination rate is much lower than the hot carrier relaxation rate. After optical injections in graphene, almost all of the hot carriers in graphene relax to thermal equilibrium states. To increase the emission efficiency, one can decrease the hot carrier relaxation rate such as reducing the thermal conductivity of graphene [19] . In the experiment [19] , the emission is in agreement with thermal radiation from graphene. While for doped graphene integrated on silicon waveguide, the emission spectra does not show a typical thermal radiation property [20] , which suggests a different emission mechanism. In this paper we show that the emission efficiency can also be increased by increasing the electron-hole recombination rate. The spontaneous radiative recombination rate can be written as R sp = A 21 N 2 , where A 21 are the Einstein coefficients, N 2 is the number of electron-hole pair states, which suggests that the upper state is full and the lower state is empty. Here, we find that R sp can be enhanced by increasing N 2 . Furthermore, N 2 rises with the field enhancement. In this paper, we show the increase of R sp following the increase in the field enhancement achieved using silica microspheres covering the graphene.
Field Enhancement With Silica Microspheres
Graphene is an ultra-thin material. For normal incidence, the photon-graphene interaction length is equal to the thickness of the graphene [18] , [21] , which limits the photon-graphene interaction effects. To increase the photon-graphene interaction, field enhancement structure designed is shown in Fig. 1 . Few-layer (3∼5 layers) graphene was placed on a crystalline silica (quartz) substrate, and silica microspheres were deposited on top of the graphene. Femtosecond laser pulses at approximate wavelengths of 1590 and 800 nm were used to excite the frequency-upconverted photoluminescence and THz emission, respectively.
For an incident plane wave, there are two types of modes that can be classified: the transverse magnetic (TM) mode incidence with the magnetic field in the x-y plane and transverse electric (TE) mode incidence with the electric field in the x-y plane. Because the scattering electrical field, E z , is perpendicular to the graphene surface, it does not contribute to the in-plane current of the graphene. As a result, we do not consider the E z scattering component in this work. For the incident TM mode, the E z scattering primarily resulted from the scattering of the z component of the incident electrical field E z−inc . Hence for the incident TM mode, we only consider the y component of the incident electrical field E y−inc , where E y−inc = E inc cos θ, and θ is the incident angle with respect to normal. The microsphere behaves like micro lens with the focal region located in the sphere opposite to where the incident light impacts. When θ was increased (e.g., 60°), the focal area moved away from the bottom of the sphere where graphene was located. While for a small θ (e.g. 0°), the microsphere did not behave like a good micro lens because the focal area was located at the silica substrate and both the microsphere and substrate have the same refraction index. Therefore, a 45°incident angle was chosen to balance these effects, as shown in Fig. 2 . Fig. 2 shows the scattering field with wavelengths at 1590 and 800 nm both for TM and TE modes. For the incident TE mode, there was no E z−inc component, and the E z scattering component at the microsphere/substrate interface was relatively weak. Thus, the field enhancement effect was better than that of the incident TM mode (see Fig. 2 ). It was observed that for the 800 and 1590 nm excitation wavelengths, the enhancement effect always exists and showed broadband field enhancement. This phenomenon is different from the structure using whispering gallery modes (WGM) to enhance light absorption in the layer far below the sphere [22] . No WGM effect was considered in our simulations. The WGM mode only enhances absorption of particular resonant modes, and the existence of WGM modes requires perfect spherical walls for the microsphere; however, any deform of the sphere could greatly decrease the quality factor of the mode. Thus, WGM modes require a high-precision three dimensional fabrication at micrometer scale.
Results and Discussion

Material and Method
The intrinsic graphene used in this paper was approximately three to five layers thick. Graphene was grown on copper foils by CVD and the as-grown graphene is multi-layer. After being spin-casted onto PMMA, copper was dissolved using a solution. The graphene with PMMA was transferred to water and then to the silica substrate, and finally the PMMA layer was dissolved by acetone solution. Then, silica microspheres with diameters of 1400 nm are used for covering on graphene, which were left to dry in ambient conditions. The microspheres were randomly dispersed on the graphene. A femtosecond laser with a center wavelength of 1590 nm was coupled to a single mode fiber. The tip of the fiber was etched as a micro-lens, and the light intensity has a Gaussian profile in the focal area with a diameter of approximately 4 μm. For 45°incident angle, the focal area was estimated to be 6 μm on silica substrate. Since the size of the focal area is larger than the size of one microsphere, we focus the pulse on the area A and area B with seven microspheres Measurements were taken, and light was focused on different areas and materials. The curve for "Silica microspheres on silica substrate" was measured from area region that contained microspheres on the silica substrate without coverage of graphene. (Insets) Photoluminescence emission photos captured with a CCD camera. From top to bottom, they are the emission photo from Area A, with TE and TM modes polarization incidence, and the emission photo from Area C. All of the emission spectra have the same integration time from the optical spectra analyzer, and was normalized by CCD spectral response. for photoluminescence enhancement measurement, which were shown in Fig. 3(a) . The graphene layer thickness near area A and area B can be determined by optical reflectance contrast of silica substrate with graphene and without graphene, and the method works well for few layer graphenes as a function of thickness [8] , [11] . The contrast can be written as Contrast(λ) =
A , where R g + s and R s are the reflected lights from the graphene on silica substrate and bare silica substrate respectively, n s is the refraction index of the silica substrate, A is the graphene absorbance. A 2.3% for monolayer graphene, and n 2 s 2.0 for quartz substrate. A 9.2% and 7.5% near Area A and Area B respectively. In Fig. 3(b) , the Raman spectra also show that the intensity ratios I(G)/I(2D) are about 1.5 and 1.4 near Area A and Area B,respectively. Comparing the reflection results with reference [11] and Raman spectra with reference [23] , the graphene is about 3.3-4.0 atomic layers.
For THz radiation measurements, we used a femtosecond laser with an average output power of 650 mW to excite the THz emission. The emitted THz electrical signal was detected by a 1.0 mm thick ZnTe crystal, and this is a standard THz time-domain spectroscopy setup. Since THz detection system is more sensitive to 800 nm lasers, we use the excitation laser with the center wavelength approximately 800 nm, a pulse width of approximately 150 femtoseconds and a repetition rate of 60 MHz (Mira900). The incident angles of the excitation pulse were 45°. For visible and near infrared photoluminescence excitation, the femtosecond laser has an output power of 10 mW at the fiber tip. The center wavelength is about 1590 nm, the pulse width is about 130 femtoseconds, and the repetition rate is 100 MHz (Menlo systems C-Fiber). The Mira900 laser has an output energy about 2 orders larger than that of the Menlo laser, which could help to increase the THz emission intensity.
Enhanced Visible and Near Infrared Light Emission
As shown in Fig. 3(c) , to measure the photoluminescence of graphene, the ultrafast pulse was first used to excite the photoluminescence of the silica substrate, but no corresponding signal was detected by the optical spectrum analyzer (OSA). We then used the ultrafast pulse to excite the photoluminescence of the silica spheres on top of the bare silica substrate, as shown in Fig. 3(d) . We found that the photoluminescence signal of silica spheres with a diameter of 1400 nm did not reach the threshold of the OSA detector. Therefore, in the following measurement, we determined that the observed photoluminescence effect was not a result of the silica microspheres/silica substrate. Then, we performed measurements on the dispersed microspheres. Because the diameter of the focus was approximately 6 μm, we focalized the pulse to four different areas, as shown in Fig. 3(a) . Area A and B are areas where seven microspheres gathered together. The sizes of Area A and B were comparable to the focal area of the injection pulse. A few microns to the side of Area A and B were Area C and D, where graphene was located on silica substrate but had no silica microspheres on top. We used the pulse to excite the bare graphene located at Area C and D to obtain the emission spectra. The spectra contains two components: frequency-upconverted photoluminescence and third harmonic generation (THG). The frequency-upconverted photoluminescence from bare graphene/silicon can be subjected to thermal radiation of hot electrons in graphene, which is consistent with the analyses in the previous paper [14] , and the effective emission temperature T is about 3800 K.
To achieve emission enhancement as analyzed above, we coupled the injection pulse for Area A and B. From Fig. 3(d) , we found that the photoluminescence was consistent with our predictions. The ordinates of the emission spectra show the emission photon numbers detected by OSA. Thus the emission enhancement can be estimated by the area size below the emission spectra curve. As an estimation of the area size, we can deduce that the emission was enhanced approximately five times by the TM mode injection and approximately one order by the TE mode injection. As shown in Fig. 3(d) , for field enhancement structures, the emission spectra do not agree well with the thermal radiation properties. The emission disagreement can be explained from the hot electron linear scattering process [20] . If no hot electron-hole pairs are generated and the number of hot carriers does not increase, the process can be regard as hot carrier scattering, and electrons will collide with states of higher energy. If in the process the net number of hot electrons increases, the process can be regard as hot carrier multiplication. All the process can be regarded as Auger process. With the electrical field enhancement as analyzed from Fig. 2 , the total photo-excited hot electron-hole pairs N 2 increased, which could lead to an increased photo emission rate because R sp = A 21 N 2 . The hot carrier scattering and hot carrier multiplication could cause the emission increase more quickly at high frequency than that at low frequency, which has been shown in Fig. 3(d) . The emission decreases at low frequency when compared with the thermal radiation.
Studies about pump-probe spectroscopy with graphene show that carrier multiplication should be the fundamental mechanism in graphene [24] , [25] . While in another study [26] , by a direct map of transient occupation of electronic states, researchers obtain opposite conclusion that there is no carrier multiplication in graphene. As shown in Fig. 3(d) , for the effective emission temperature T = 3800 K [14] , the emission still exhibits thermal radiation properties, without indication of hot carrier multiplication. After increasing the injection intensity at the graphene surface, more electrons in valence band are pumped to the conduction band. In this case, the Auger process becomes obvious during the hot carrier relaxation. The electrons in higher energy states collide with electrons in states of lower energy, and the result is that more electrons appear in a mean energy states. This is why the emission peaks appear at 600-800 nm, and there are mismatch at the wavelength longer than 800 nm and shorter than 600 nm. The mismatch indicates the linear scattering process such as hot carrier multiplication and hot carrier scattering. The results indicate that linear scattering process indication can only be found with intense pump, thus the mechanism of carrier multiplication may not be applied in graphene for light harvesting in solar cells. There is a little emission difference for TE modes incidence at different areas A and B. This is because that in the emission enhancement experiment, the emission is very sensitive to the light coupling between the tapered fiber tip and sample. Hence the coupling difference caused the emission difference as shown in Fig. 3(d) . Insets in Fig. 3(d) shows the CCD captured photos. The excitation intensity has a Gaussian profile in real space. But the incident angle is 45°, the excitation intensity at the area is not homogenous. Thus, emission pattern from the focus area is not homogenous.
Third Order Conductivity Change of the Graphene
Previous studies have shown that graphene has an ultra-large nonlinear coefficient such as Kerr coefficient 5∼6 orders larger than that of silicon in the communication wavelength range [21] , [27] - [29] . At 1590 nm, the Kerr coefficient of graphene was approximately six orders larger than that of silicon and 8 orders larger than that of silica [29] . Here, we can also find that the multi-layer graphene had a much stronger THG than that from bulk silica materials. Before transferring graphene to silica substrate, there was no THG signal from the bare silica substrate. After transferring graphene to the silica substrate, THG signal emitted at about 530 nm together with frequency-upconverted photoluminescence (olive and wine lines in Fig. 3(d) ). The THG intensity was stronger than that of the photoluminescence. However following the excitation electrical field increase and the graphene photoluminescence enhancement, the THG emission intensities do not increase. The previous theoretical nonlinear optical analyses from graphene were performed in thermal equilibrium [21] , [27] - [29] , but the real THG processes were in non-thermal equilibrium, especially considering the photoluminescence. In the field enhancement cases, the absorption of photons in graphene for the ultrafast cases would induce an electronic band change and produce a significant amount of phonons resulting in carrier-phonon scattering. The existence of these phonons affects the conductivity of graphene. The electron collision rate is primarily determined by the electron-phonon interaction, and the existence of excess phonons could increases the resistivity of graphene. Thus, the conductivity including the first and higher order conductivities, such as third order conductivity, should decrease sharply during the ultrafast process. As a result, while the excitation light intensity increased, the THG does not increase. Another recent experiment shows that the thermal conductivity of graphene at high temperatures is also greatly reduced [19] . The thermal conductivity reduction induces more phonons generation and a further electrical conductivity reduction, the electrical conductivity reduction induces more hot electrons generation and a further thermal conductivity reduction. Both the thermal conductivity and electrical conductivity reduce simultaneously. It should be noticed that in the ultrafast process, the band structure of graphene has been greatly changed, this would also change the nonlinear property of graphene.
Enhanced Terahertz Emission
To measure the THz emission from graphene, we use femtosecond laser with a power of 11 nJ per pulse and a center wavelength at approximately 800 nm for excitation, with a Gaussian profile in time domain and pulse width of approximately 150 femtoseconds. To collect the THz emission efficiently, the focal area diameter was adjusted to approximately 500 μm, with Gaussian profile of light intensity in real space. Because the focal size in the THz excitation is much larger than that in the photoluminescence experiment shown in Fig. 3 , two graphene excitation area E and area F with different dispersed density were used to excite the THz emission. Hence, different graphene areas have different THz emission intensities. Fig. 4(a) shows the schematic of the experiment setup. Fig. 4(b) and (c) show the THz emission spectra from bare graphene on a silica substrate and graphene covered with silica microspheres. The figure confirms that there was THz emission from graphene. With the microspheres, the THz emission amplitude from graphene was also enhanced several times. The THz emission from graphene was explained by stimulated emission of hot carriers in population inversion states [30] , [31] or by photon drag currents in graphene [32] - [34] . Here we found that the THz generation in graphene may be more complicated. In surface plasmon enhanced THz emission experiments, only the TM mode of the THz electric field can be enhanced, and without plasmon, there is polarization change of the THz electric field [32] . But Fig. 3(d) shows the experimental measured polarized THz emission intensity v.s the polarization angle of the incident beam. There is no polarity change of THz wave Ey component, and this can not be explained by the "photon drag current" effect [32] . Recent experiments have demonstrated the generation of photocurrent from graphene after optical absorption [12] - [13] . The observed THz generation may be a result of the ultrafast photocurrent generation. Hot electron emission from gold nano-structures has previously been observed with an ultrafast pump [35] . The non-equilibrium hot electrons could be injected into the graphene structure, thus effectively changing the surface potential of the graphene nearby and enhancing photocurrent and THz emission [36] . Another interesting study shows that hot electron emission could also occur in graphene. The ejected electrons in graphene could provide more momentum than photons [37] . Thus THz generation may due to transient photoconductive current and photothermoelectric effects [38] . And recent study [39] manifests the occurrence of THz generation in graphene the acceleration of ultrafast photoexcited charge carriers in graphene in the presence of a dc electric field. If an intense excitation breaks the linear symmetric dispersion, carrier distributions in e-k space may be imbalanced, causing internal dc-electric fields. This may also become a factor that causes the THz radiation. Thus we found that the THz generation in graphene may be more complicated and need further study.
Discussions
From [22] , light absorption in thin films below the substrate surface is enhanced by the WGM mode in the microsphere. In this paper, we did not observe the WGM enhancement effect. We think that this is because that the silica microsphere with diameter of 1.4 μm does not posses high quality factors, the deformation and the connection of the sphere with silica substrate would greatly decrease the quality factors. The low index silica spheres with micron-scale diameters correspond to lager bending loss. In this paper, we do not use periodic patterned spheres. The structure described in this paper can be fabricated, and broadband enhancement can be realized easily. The structure could also be used in other devices such as solar cells. However, field enhancement is primarily located at the area between the substrate surface and microsphere tip along the incident angle. This is because the microspheres can only act as micro lens being placed in low refractive index regions. The enhanced field cannot effectively penetrate through to the substrate with a high refractive index. Thus, the structure does not benefit light enhancement in the layer a few hundred nanometers below the substrate surface. Instead, the structure helps to achieve light enhancement at a layer on the substrate surface.
There are many methods that could achieve field enhancement other than the mechanisms described in this paper. That is, metallic nanostructures or nanoparticles also have strong electric field enhancements and can increase the fluorescence [40] , but THG and frequency-upconverted photoluminescence in gold nanoparticles also exist [41] , which can not be filtered from the graphene THG and photoluminescence. In this paper, in order to study the pure THG and photoluminescence from graphene, we do not use metallic nanostructures.
The Fermi level of the intrinsic graphene can be changed by substrate doping effect. This does not affect the frequency-upconverted photoluminescence, since the excitation and the emission photon energies are much larger than substrate doping induced Fermi level change. The Fermi level effects on the THz emission is not well studied in this paper, since the Fermi level of the graphene samples we used are fixed and can not be changed. In further study, to study the Fermi level effect on THz emission emission we would like to used electrically doped samples so that we can study the THz emission at various Fermi level.
Conclusion
We used silica microspheres to enhance the visible, near infrared, and THz emissions from graphene. The results help us to understand graphene as an ultra-broad band light generation material, without considering the band gap opening in graphene [42] . The emission spectra also gave the indication of carrier multiplication in graphene. Following the generation of a significant amount of hot carriers in graphene, the electrical properties, such as third-order susceptibility, which is dependent on the third-order conductivity, changes rapidly. This provides the opportunity of ultrafast tuning of nonlinear optical parameters of graphene.
